One of the main challenges for commercialising calcium looping (CaL) as a CO 2 capture technology is maintaining a high level of sorbent reactivity during long-term cycling. In order to mitigate the decay in carrying capacity, research has moved towards producing enhanced sorbents. However, this creates potential problems related to ease of scaling up production techniques and production costs, and raises the question as to whether such approaches can be used at large scale. On the other hand, a key advantage of CaL over other carbon capture technologies is synergy with the cement industry, i.e., use of spent sorbent as a feedstock for clinker production. In this work two enhanced materials: (i) limestone doped with HBr through a particle surface impregnation technique; and (ii) pellets prepared from limestone and calcium aluminate cement, were tested in a 25 kW th dual fluidised bed pilot-scale reactor in order to investigate their capture performance and mechanical stability under realistic CaL conditions. Moreover, the spent sorbent was then used as a raw material to make cement, which was characterised for phase and chemical composition as well as compressive strength. The HBr-doped limestone showed better performance in terms of both mechanical strength and stability of the CO 2 uptake when compared to that of pellets. Furthermore, it was shown that the cement produced has similar characteristics and performance as those of commercial CEM 1 cement. This indicates the advantages of using the spent sorbent as feedstock for cement manufacture and shows the benefits of synthetic sorbents in CaL and suitability of end-use of spent sorbents for the cement industry, validating their synergy at pilot scale. Finally, this study demonstrates the possibility of using several practical techniques to improve the performance of CaL at the pilot scale, and more importantly demonstrates that commercial-grade cement can be made from the lime product from this technology.
Introduction
CO 2 emissions from the power generation and industrial sectors have increased rapidly in recent decades, and represent the greatest contributors to the greenhouse gas effect [1] . A portfolio of low-carbon technologies needs to be deployed in order to mitigate the effects of these emissions in many natural systems. Carbon capture and storage (CCS) is part of this portfolio and has been proposed as a route for the decarbonisation of power generation and carbon-intensive industrial sectors [2, 3] .
Calcium looping (CaL) is a second-generation technology for CO 2 capture, which has attracted a fair amount of research activity [4] [5] [6] [7] [8] . Typically, a CaL system ( Fig. 1) consists of two interconnected fluidisedbed reactors and is based on the reversible carbonation of lime. In the reactor, operating at ∼650°C (carbonator), CaO-based material is carbonated with the CO 2 present in flue gas or a gas stream from carbonintensive industrial processes; the saturated sorbent is then transferred to a second reactor operating at ∼900°C (calciner) where the sorbent is regenerated. In order to provide the heat for calcination, a fuel is burnt under oxy-fuel conditions in the calciner, while the high-grade heat generated in the carbonator is intended to be used in a steam cycle.
Due to sorbent deactivation, make-up of fresh and purge of deactivated material are required. One of the unique advantages that the CaL cycle has over other CCS technologies is its synergy with cement production. Namely, it is possible to decarbonise both the cement industry, which is responsible for 7-10% of global anthropogenic CO 2 emissions [9] , and the power sector by using the spent sorbent from CO 2 capture as a feedstock for making clinker [6, [10] [11] [12] .
The CaL concept has been demonstrated at scales of up to 1.9 MW th with different reactor configurations. Some examples of these plants include: the 0.1 MW th plant in CanmetENERGY (Ottawa, Canada), the 0.2 MW th pilot plant in IFK (Stuttgart, Germany), the 1.7 MW th unit "La Pereda" run by CSIC in Oviedo, Spain, the 1.9 MW th unit in Taiwan, and the 1 MW th plant in Darmstadt, Germany [13] [14] [15] [16] [17] [18] [19] [20] .
However, one of the main challenges of this technology, namely the deactivation and loss of active material over the capture/regeneration cycles, still remains [21] [22] [23] . The loss of activity is generally attributed to sintering [24] [25] [26] , attrition and fragmentation [27] [28] [29] , ash deposition [30] , and the competing sulphation reaction [31] [32] [33] . In order to overcome this issue, research has focused on the modification of natural materials and the development of synthetic sorbents with techniques such as sol-gel combustion [23, [34] [35] [36] [37] [38] , organic acid modifications [39] [40] [41] [42] [43] , co-precipitation [44, 45] , granulation [46] [47] [48] [49] [50] [51] [52] , and mineralacid doping [53] [54] [55] .
Al-Jeboori et al. [53, 54] investigated doping of limestone with HBr, HCl, HNO 3 and HI, and the effect on long-term cycling performance of doped sorbents. They demonstrated that such dopants can significantly improve long-term reactivity. The degree of improvement was found to be dependent on the type of limestone used, and the type and concentration of doping agent. The highest residual conversions were observed for Havelock and Longcal limestones doped with HBr (0.167 mol % HBr/CaCO 3 ) [54] . Another effective technique for producing synthetic sorbents for fluidised bed utilisation is the production of calcium aluminate pellets that have been studied at different scales for reactivity and attrition behaviour [47, 56] . It has been suggested that the better performance in these synthetic materials is linked to the formation of mayenite (Ca 12 Al 14 O 33 ), which stabilises the sorbent morphology and mitigates sintering.
This work investigates the capture performance of enhanced CaO sorbents at the pilot scale (25 kW th ), under conditions anticipated for real industrial CaL systems. Natural limestone doped with HBr, employing a particle surface impregnation technique, and calcium aluminate pellets were tested in CaL cycles, and the suitability of spent material for use in the cement industry was then explored. The main goal of this study is the pilot demonstration of CaL with enhanced sorbents and its synergy with cement manufacture.
Experimental

Materials
Longcal, a high-purity limestone provided by Longcliffe Ltd, UK, was used as a CaCO 3 source. Commercial calcium aluminate cement, CA-14, manufactured by Almatis, was used as a binder in the pelletisation process and as a source of Al 2 O 3 . The limestone-doping solution was prepared by diluting 57 g of 47%-wt. HBr with deionised water to form 1 L of 0.33 M solution.
Sorbent preparation procedure
Two types of enhanced sorbents were produced: (i) HBr-doped limestone (0.17 mol% HBr/CaCO 3 ); and (ii) pellets containing 10 wt% calcium aluminate cement and 90 wt% calcined limestone. The pellets were prepared using a Glatt GmbH granulator. A comprehensive description of the pelletisation technique can be found elsewhere [47] . After pelletisation, the particles were sieved to the desired particle size range and air dried for 24 h. HBr was selected as a suitable dopant based on previous work [54] . However, the original doping technique was modified to enable a three-order-of-magnitude increase in production scale. Here, 20 kg of Longcal limestone was evenly sprayed with 1 L of 0.33 M HBr solution, and mixed thoroughly to obtain a uniform distribution of the dopant. The sample was then spread out and dried for several days under ambient conditions. 
Pilot plant description and operation procedure
The pilot plant (Fig. 2 ) used in this work consisted of a circulating fluidised bed (CFB) carbonator (4.2 m L and 0.1 m ID) and a bubbling fluidised bed (BFB) calciner (1.2 m L and 0.165 m ID), both operated at atmospheric pressure. The fluidising gases were pre-heated by electrically-heated pipes. The carbonator gas distributor was made up of 8 nozzles (each with 20 2-mm holes) and the calciner gas distributor was made up of 20 nozzles (each with 6 1-mm holes). There were two cyclones in series at the exit of the carbonator. One was used to separate the bulk of the particles in order for them to be recycled to the calciner, and the other was used to prevent the remaining particles from being emitted to the environment. The calciner had a single cyclone. The carbonator and calciner were connected by two loop seals, fluidised by nitrogen, which allowed controlled circulation of sorbent between the reactors. The reactors were electrically heated, and in addition natural gas was oxy-fired directly into the fluidised bed of the calciner to offset the endothermic calcination. Two gas analysers (ADC MGA-3000 series) were used to measure the gas concentrations at the reactor exhausts (CO 2 for the carbonator, and CO 2 , CO, O 2 , CH 4 for the calciner). Additionally, a Fourier Transform Infrared analyser (FTIR, Protea, model FTPA-002) was used at the exhaust of the calciner to measure H 2 O, CO 2 , CO, NO x , SO 2 , CH 4 , C 2 H 6 , C 3 H 8 , C 2 H 4 , and HCHO concentrations in order to monitor the quality of combustion.
The pilot plant was first heated up to 600°C by the electrical furnaces surrounding the preheating lines. The first batch of sorbent (3 L) was added to the calciner, which was electrically heated to 650°C and fluidised by N 2 with superficial velocity 0.35 m/s (mild fluidising conditions). Then, a portion of the N 2 was substituted with O 2 (to reach 40 vol% of O 2 ) at the inlet of the calciner to combust natural gas with an air-to-fuel equivalence ratio (λ) of 1.05. The bed temperature of the calciner was then ramped up and more sorbent (3 × 1 L) was added when calcination started. A chute, positioned 400 mm above the distributor of the calciner, was used to direct any overflowing material to the lower loop seal and into the carbonator. During the first calcination cycle, the N 2 flow through the carbonator was kept low to prevent backflow into the calciner. After most of the sorbent was calcined (as demonstrated by a sharp temperature increase) the circulation of the material between the reactors was initiated by increasing the N 2 flow in the carbonator (2.5 m/s superficial velocity). The N 2 was used to transport the sorbent from the carbonator to the cyclone where it was separated from the gas and recirculated back to the calciner. Then, the oxygen concentration in the calciner inlet was incrementally increased to 100% to oxy-fire methane. After all the circulating material was calcined, a portion of the inlet gas to the carbonator was substituted with CO 2 (15 vol%) and carbonation was started. The temperature in the calciner during steady-state operation was maintained at 920-950°C by adjusting the natural gas and O 2 flow rates, and the carbonator temperature was maintained at 650-700°C. A more detailed description of the experimental procedure can be found elsewhere [57] .
It should be noted that the pilot plant operation conditions were chosen to be reasonably close to those anticipated in real applications at commercial scale. However, some additional effects on process performance due to the presence of steam [58] , SO 2 [59] , and coal ash [30] at industrial scale can be expected, especially if coal, rather than natural gas, is fired in the calciner, owing to its relatively lower price. Under those conditions opposite effects of steam and SO 2 on sorbent conversions can be expected and, in addition to enhanced sorbent sintering, coal ash can cause some additional problems, such as agglomeration, which in extreme cases can lead to defluidisation phenomena. 
Cement preparation
Four types of spent sorbent from the pilot-scale tests were used as raw materials to produce cement clinker. SS 1 and SS 2 refer to the spent natural limestone collected from the carbonator and calciner, respectively, and SS 3 and SS 4 refer to the spent HBr-doped limestone collected from the carbonator and calciner, respectively. The corresponding products (clinkers, cements and mortars) were designated as S 1, S 2, S 3, and S 4. For example, SS 1 is spent natural limestone collected from the carbonator, and S 1 designates clinker, cement and mortar produced using SS 1 as a raw material. A summary of the components of each sample is given in Table 1 . Fig. 3 shows a schematic diagram of the cement production process. In order to produce clinker, the spent sorbents were ground into powders and then mixed with commercially-available SiO 2 (< 38 μm) and Fe 2 O 3 (< 5 μm) powders, and Bench C clay (< 90 μm) from Southam Quarry, Warks, using a PM-400 (Retsch) planetary ball mill. The mixtures were then pressed into blocks, placed into a platinum boat, and sintered at atmospheric pressure in a horizontal tube furnace (Lenton) at 1500°C for 1 h under a flowing air atmosphere. After sintering, the blocks were pushed from the centre of the furnace into an air-cooled chamber. Once the samples had cooled down, they were taken out of the furnace and ground into powders. The powders were mixed with 5 wt% gypsum to produce CEM I cement (Portland cement with up to 5% of minor additional constituents) following the BS EN 197-1 standard [60] .
Cement characterisation
The phase compositions of the cement clinkers were identified using an X'Pert Pro (PANalytical) X-ray diffractometer (XRD) using Cu Kα radiation. Quantitative phase analyses were performed using the Rietveld method [61] in the General Structure and Analysis System II (GSAS-II) software [62] . Each phase in the powder pattern was assigned a scale factor based on the unit-cell contents. The Rietveld refinement was used to convert the spectra into quantitative estimates of the weight fractions, with standard uncertainties [62] . The compositions of the cement clinkers were analysed by an Epsilon 3 X X-ray fluorescence (XRF) spectrometer (PANalytical). A Mastersizer 2000 (Malvern Instruments Ltd) was used to determine the particle size distribution of the cement by laser diffraction. N 2 physisorption was conducted using a Tristar 3000 (Micromeritics) to obtain the Brunauer-Emmett-Teller (BET) surface area of the cement.
Mortar samples were prepared by mixing cement, sand, and water in a weight ratio of 1:1:0.5, respectively. The particle size distribution of the sand was 30% (125-200 μm) + 30% (200-212 μm) + 40% (212-300 μm). The mixture was cast in silicone moulds, shaken (to remove the bubbles), and then placed in a box of water. The samples (with dimensions of approximately 12x12x12 mm) were de-moulded after 24 h, returned to the water, and then tested for compressive strength after 3 d, 7 d, and 28 d using an EZ50 test machine (Lloyd Instruments Ltd) at a compression rate of 100 N/s. Nine cubes were tested for each batch of mortar and the results were compared to the compressive strength of CEMEX CEM I cement (Rugby, UK) reported in our previous work [9] .
Results and discussion
The results with unmodified Longcal limestone were used as a benchmark in this study. Fig. 4a shows the outlet gas concentration measured by FTIR for a typical experimental run using natural limestone. The corresponding temperature and gas concentration profiles can be found in the ESI † (Fig. SI1) . The CO 2 outlet concentration from the carbonator was maintained below 5 vol% by periodic addition of 0.5 L batches of fresh limestone to the calciner. The molar ratio of fresh sorbent make-up to the inlet CO 2 (F 0 /F CO2 ) was 6%, and the make-up ratio (F 0 /F R ), where F R is the molar flow of recycled sorbent inside the loop, was around 1% with an estimated number of carbonation/calcination cycles of 30 per test. These parameters were chosen to maintain the capture efficiency (E carb ) around 70% in order to enable comparison of the performance of tested sorbents. Namely, it should be noted that higher make-up ratios would increase capture efficiencies to the nearequilibrium-limited levels and limit comparison of the sorbent performance. After each experiment, the sorbent left in the reactors and in the carbonator and calciner cyclones was collected and its particle size distribution for the base case is provided in Table 2 .
HBr-doped sorbent testing
Compared to the base case with Longcal limestone, using the HBrdoped sorbent improved the CO 2 capture efficiency to 70-80% (Fig. 4b) . The corresponding temperature and gas concentration profiles can be found in the ESI † (Fig. SI2) . Furthermore, the particle-size-distribution analysis (Table 3) revealed that the doped material exhibited better mechanical properties. Only ∼400 g (out of 13 kg in the primary reaction loop) of material was found in the cyclones confirming that there was less attrition compared to the pure limestone case. The shift to a higher particle size distribution range in the calciner cyclone is due to a tendency for the fines to agglomerate, which was not observed in the runs with un-doped Longcal limestone. It should be noted that the particle size distribution differs between the two reactors when using natural limestone. However, this is not the case for the doped limestone. This can be attributed to the lower attrition seen in the doped material. In order to further explore the morphological and composition changes in the sorbent from cycling, XRF and BET analyses of the recovered samples were performed. The results of the XRF analysis (Table 4) suggests that bromine accumulated mainly in the carbonator cyclone fraction. The smallest fraction of the limestone was found in this cyclone (see Table 3 ), and it can be reasonably hypothesised that bromine is concentrated mainly on the surface of sorbent particles, given the doping technique. This surface is readily attrited during circulation of the particles mainly due to mechanical abrasion generating very small particles [63] , which are then collected in the carbonator cyclone. However, the behaviour of the material during the test and the fact that relatively lower overall attrition and breakage of the particles were observed suggest that the doping technique was successful. As the material was found less prone to attrition, there was still a high percentage of Br present in the bed after the test. It is suggested that enhanced performance of the doped sorbent is enabled due to changes in sorbent morphology and stabilisation of its porous structure [64] . Also, it was claimed in our previous work that doping mitigates attrition because the doping agent crystallises in the cracks of the limestone particles making them more resistant to mechanical stresses [63] . Finally, the doping method proposed in this study potentially uses less HBr (per mass of limestone) than the lab-scale wet impregnation technique reported previously [54] , and is a more cost-effective approach for industrial-scale doping.
The economic analysis of sorbent treatment is one of the key parameters to estimate if the CaL process with doped sorbent would be viable. The doping technique proposed in this study is not complex, and the major increase in sorbent cost would be due to the cost of HBr. Assuming that the cost of hydrobromic acid (48 wt%) is ∼$1000/t [65] and the cost of limestone is ∼$15/t [66] , it can be estimated that the cost of the doped material would be about $18/t, which is a 20% increase in the cost of sorbent. It was recently demonstrated that changes in sorbent cost of this magnitude have a negligible effect on the levelised cost of electricity (LCOE) and cost of CO 2 avoided [67] . For comparison, in the case of the benchmark technology for carbon capture (amine scrubbing) the solvent cost is $1000/t [68] ; therefore, even if the doping technique increases the price of the sorbent by a magnitude of 20%, the cost of the doped sorbent is still significantly lower than the cost of the amine solvent.
Calcium aluminate pellets testing
The temperature and gas concentration profiles for CaL tests using calcium aluminate pellets are given in the ESI † (Fig. SI3) . The capture efficiency (Fig. 4c ) was found to be substantially lower than that for the base case and the HBr-doped limestone case. The main limitation with this case was the amount of available adsorbent for capturing CO 2 due to attrition. A possible solution would be to increase the carbonator height to achieve longer residence times. As shown in Table 5 , it is clear that some of the pellets were fragmented or attrited but the bulk of them were retained within the CaL rig. However, their performance was not as good as that of the other sorbents, and there were some difficulties related to their use. These included excessive release of steam during the rapid heating stage, which can be solved by using pre-calcined material. Moreover, the results of the XRF and BET analyses can be found in Table 6 . The results presented in this work are in accordance with those obtained by Symonds et al. [13] with regard to the use of calcium aluminate pellets; their performance appears worse than the performance of natural limestone. Moreover, there are certain operating difficulties found when these particles are used as a CaL sorbent at larger scale.
One potential advantage of using pellets is attributed to the potential for producing them from spent sorbents since pelletisation has been demonstrated as a reactivation strategy [69] . Furthermore, the conversion of the pellets can be improved by pre-carbonation [70] . This can be potentially carried out by capturing residual CO 2 from lowemitting sources, such as the low-CO 2 -concentration stream leaving the carbonator. Ridha et al. [71] have shown that it was possible to achieve this at ambient temperatures. This would not only improve the performance of synthetic materials in real systems owing to less mechanical stress within the particle from steam release, but would also help improve the overall capture efficiency of these plants.
Cement chemical compositions
After the pilot-scale testing, the spent sorbent was recovered and used to form clinker. XRD patterns of the spent sorbents can be found in the ESI † (Fig. SI4) . Two phases (CaCO 3 and CaO) were detected in the spent sorbents SS 1, SS 2, SS 3, and SS 4.
Clinker phase compositions
In order to obtain high-quality cement, it is necessary to control the phase distribution of its four major components: Alite Ca 3 SiO 5 (C 3 S in cement notation), Belite Ca 2 SiO 4 (C 2 S), the aluminate phase Ca 3 Al 2 O 6 (C 3 A) and the ferrite phase Ca 4 (Al, Fe) 4 O 10 (C 4 AF). Fig. 5 shows the XRD patterns of the cement clinkers produced using different spent sorbents in air at 1500°C for 1 h. It can be seen that all the clinkers possessed similar XRD patterns and, therefore, the same phases. These four phases react at different rates with water and, therefore, contribute differently to the overall performance of the cement. For example, Alite reacts relatively quickly, and is the most important constituent in normal Portland cements for strength development at ages up to 28 d. On the other hand, Belite reacts slowly, and thus contributes little to the strength during the first 28 d. However, Belite can substantially increase the strength of cement at later stages [72] . In CEM I, Alite, Belite, the aluminate phase and ferrite phase constitute 50-70%, 15-30%, 5-10% and 5-15% of the clinkers, respectively [72] . Quantitative phase analysis of the produced cement clinkers was conducted using GSAS-II data analysis software. During the refinement in GSAS-II, Ca 3 SiO 5 (monoclinic, Cm (8)), Ca 2 SiO 4 (monoclinic, P2 1 /n (14)), Ca 3 Al 2 O 6 (cubic, Pa-3 (205)) and Ca 4 (Al, Fe) 4 O 10 (orthorhombic, Ibm2 (46)) were used as the import phases and the experimental patterns were obtained using XRD. Fig. 6 illustrates the profile fit and difference patterns of the clinkers using GSAS-II. The red solid line is the calculated pattern, the black crosses overlying it are the experimental pattern, and the blue line at the bottom represents the difference between the two. The four sets of vertical dashes below the spectra mark the peak positions of C 3 S, C 2 S, C 3 A and C 4 AF according to their Bragg reflections, respectively. It can be seen that the calculated pattern and the experimental pattern match well with each other for all the produced cement clinkers. The differential curve is smooth, suggesting successful refinement. R wp (Rietveld weighted-profile R-factor) and GOF (goodness of fit) values of the final refinements are also given in each graph. These values suggest that the Rietveld fits were of high quality. A more detailed description on how to judge the quality of the Rietveld fits has been illustrated in our previous work [9] and elsewhere [73, 74] . The quantitative data on the phase compositions of the produced cement clinkers obtained using Rietveld refinement in GSAS-II are shown in Fig. 7 . It can be seen that all the produced clinkers are similar to the CEM I clinker in phase compositions (see Table 7 ).
Oxide compositions
The oxide compositions of the produced clinkers as measured by XRF are given in Table 7 . The results demonstrate that the compositions all fall within the same range of oxide compositions for CEM I clinker. Oxide compositions were calculated using the phase compositions obtained by GSAS II, according to Eqs. 
The above calculations were based on the assumptions that all the four main phases, C 3 S, C 2 S, C 3 A and C 4 AF, existed as pure phases. The calculated results were consistent with those measured by XRF.
The fact that the chemical and oxide compositions of the produced clinkers match those of CEM 1 supports the contention that the spent sorbents derived from CaL with unmodified and doped limestones are suitable for cement clinker production.
Fineness
The fineness of cement has an important effect on the compressive strength development because it affects its hydration rate. When exposed to water, phases in the cement start to react, and a layer of hydrated product forms around the outside of the particle. This layer separates the unreacted core of the particle from the surrounding water and as this layer grows thicker, the rate of hydration slows down [75] . Particle size distribution and BET surface area are two effective parameters that can be used to describe the fineness of the cement. Table 8 shows the particle size distribution of the produced cements using different spent sorbents compared to that of the commercially available CEMEX CEM I. Cements S 2 and S 3 were found to have similar particle size distributions to that of CEMEX CEM I; while cements S 1 and S 4 had a greater portion of larger particles. It can be seen that the median particle size by volume, d (0.5) of S 1, S 2, S 3, S 4 and CEMEX CEM I are 21.1 µm, 14.6 µm, 13.6 µm, 24.9 µm and 15.8 µm, respectively. Additionally, BET surface areas of the produced different cements, S 1, S 2, S 3, S 4 were measured to be 1.61 m /g, respectively. The small differences on the particle size distributions and BET surface areas of the produced different cements are reasonable and within the procedural experimental error. These results suggest that the fineness of the cements prepared is suitable for CEM 1. Fig. 8 shows the compressive strength of each cement compared with the CEMEX CEM I from 3 days up to 28 d. The results suggest that the compressive strengths of the produced cements are comparable with those of the commercially-available cement at each testing age. There were no significant differences among the compressive strengths of the cements produced using the different spent sorbents as raw materials. It can be seen that the compressive strengths of the cements increase with age, as expected. For example, the compressive strength of cement S 2 increased from 41.0 MPa to 51.9 MPa from its 7-d to its 28-d test. The individual plots of compressive strengths can be found in the ESI † (Fig. SI5 ).
Compressive strength
End use of lime-based sorbents
The potential sinks for lime-based materials in the cement industry have been analysed in detail in a recent book on Ca and Chemical Looping [8] . If we take an approximate global figure for coal-fired plant of about 8000 TWh [76] , simple calculations will show that this is equivalent to 1100 Mt/a of cement manufacture, which is less than the 3800 Mt/a required for cement production for cement manufacture worldwide [77] , and in the case of countries such as India and China the demand for cement is considerably greater than all the product produced if their coal-fired units were converted to CaL and the product used for cement manufacture.
Conclusions
The use of enhanced materials for CaL was studied at pilot scale in this work. A modified technique for impregnating the surface of limestone with HBr is described here and both the doped sorbents and calcium aluminate pellets were tested in the pilot CaL system. The HBrdoped material showed enhanced mechanical stability and better capture performance than the untreated limestone, with capture efficiency 70-80% at a relatively low make-up ratio (1%) during stable steady operation. It should be noted that the surface of the particle was modified by the enhancement technique and hence as the particles attrited, most of the bromine was found to accumulate in the carbonator cyclone. However, the start-up procedure with calcium aluminate pellets was more challenging, especially due to the release of steam when calcining that material in the fluidised bed. However, this can be avoided by exposing the pelletised material to low-concentration CO 2 sources, e.g., the exhaust gas coming from the carbonator (∼2% residual CO 2 ) in order to pre-carbonate calcium hydroxide in the pellets, which would result in a higher overall capture efficiency. This also can potentially increase the mechanical stability of the pellets, which needs to be further improved.
Cement clinkers were successfully produced using different spent sorbents from the pilot CaL CO 2 capture tests. The phase and oxide compositions of the produced cement clinkers were obtained by XRD and XRF measurements, as well as quantitative phase analysis using GSAS II. The results show that all the produced cement clinkers have similar compositions to CEM I clinker. The compressive strength of mortars prepared from the clinkers was in the range of that for mortar prepared from commercially-available CEMEX CEM I.
The results from pilot plant tests presented in this study clearly confirm the viability of using modified sorbents, such as HBr-doped limestone, in CaL systems, and that the spent materials can be used as raw materials to produce cements. Also, this study demonstrated at pilot scale the synergy of CaL and the cement industry, recommending the CaL cycle as an obvious technology choice for decarbonisation of that carbon-intensive industry. Table 8 Particle size distribution and BET surface area of the produced cements and CEMEX CEM I. 
